An endogenous double-stranded RNA (dsRNA), which has recently been recognized as the dsRNA virus Oryza sativa endornavirus (OsEV), is found in many strains of cultivated rice ( Oryza sativa ). Small RNAs derived from OsEV dsRNA were detected, indicating that the RNA silencing machinery recognizes OsEV dsRNA. The existence of OsEV in knockdown (KD) lines of fi ve genes of RNA-dependent RNA polymerase ( OsRDR1-OsRDR5 ) or two genes of Dicer-like protein ( OsDCL2 or OsDCL3a ) was examined to characterize the relationship between the host RNA silencing system and the propagation of this dsRNA virus. OsEV was not detected in OsRDR4 -KD or OsDCL2 -KD T 1 lines. We attempted to introduce OsEV into these KD lines by crossing them with OsEV-carrying plants because of the effi cient transmission of OsEV to F 1 plants via pollen or ova. All OsRDR4 -KD but only some OsDCL2 -KD F 1 plants contained OsEV. Some OsDCL2 -KD F 1 plants consisted of OsEV-carrying and OsEV-free cells. These results suggest that the maintenance of OsEV is unstable in OsDCL2 -KD plants. Furthermore, the amount of OsEV-derived small interfering RNA (vsiRNA) in the OsDCL2 -KD plants increased relative to the wild type. This increased level of vsiRNA may cause OsEV instability during cell division.
Introduction
In the 1980s, linear double-stranded RNA (dsRNA) was found in various healthy plants (Brown and Finnegan 1989 ) . In many cultivars of japonica rice ( Oryza sativa ) a large dsRNA of about 14,000 bp was detected (Fukuhara et al. 1993 ). This dsRNA is ubiquitous in every tissue, and is maintained at an almost constant concentration (100 copies per cell) in most tissues. Although the dsRNA is found in the cytoplasm of host cells, it is transmitted effi ciently to progeny plants via pollen and ova (Moriyama et al. 1996 ) . This plasmid-like dsRNA encodes a single long open reading frame, which contains conserved motifs for viral RNA-dependent RNA polymerase (RDR) and RNA helicase (Moriyama et al. 1995 ) . This dsRNA is an RNA replicon that can replicate independently of its host genome (Horiuchi et al. 2001 ) . Phylogenetic analyses of the rice dsRNA and two similar dsRNAs from wild rice ( Oryza rufi pogon ) and broad bean ( Vicia faba ) indicate that they share a common ancestor with single-stranded RNA (ssRNA) viruses (Gibbs et al. 2000 ) . These unique plasmid-like dsRNA replicons form a distinct taxon, with a new virus genus (Endornavirus) and family (Endornaviridae), as determined by the International Committee on Taxonomy of Viruses (Gibbs et al. 2005 ) . Therefore, endornaviruses have unique plasmid-like properties that differ from those of conventional viruses (Fukuhara and Moriyama 2008 ) .
Oryza sativa endornavirus (OsEV) is found in many strains of cultivated rice ( O. sativa ). A different species of endornavirus, Oryza rufi pogon endornavirus, is also found in one strain of wild rice ( O. rufi pogon ) that is considered an ancestor of cultivated rice (Moriyama et al. 1999a , Moriyama et al. 1999b ). These two endornaviruses are likely to have been transmitted vertically through seeds at least since the divergence of O. sativa and O. rufi pogon several thousand years ago (Second 1982 ) . Therefore, they have probably been maintained within their host plants for hundreds of generations, suggesting that host plants regulate their copy numbers and thus their propagation, and that some host factors control their replication to coordinate with every host cell division. If host plants did not have such factors, they would exhibit disease symptoms due to unregulated virus propagation, or some of their somatic or germ cells would exhibit loss of endornavirus, i.e. effi cient vertical transmission would not be observed. Therefore, host plants should have some host factors that control this dsRNA virus as a plasmid-like symbiont.
Candidate host factors for regulating these plasmid-like endogenous viruses are proteins constituting an RNA silencing machinery, because they play crucial roles in regulating nucleic acid parasites, namely viruses and transposons (Ding and Voinnet 2007 ) . Extensive studies of Arabidopsis thaliana and RNA viruses have revealed that the RNA silencing system functions as an innate defense system against parasites; Dicer-like proteins (DCLs) and RDRs in particular play crucial defense roles against virus infections in A. thaliana . However, little is known about the RNA silencing system against viruses in rice, which is one of the most important crops. The diffi culty of virus infection of a rice plant is one of the complications for the analysis of the RNA silencing system against viruses; most viruses need a specifi c insect vector to infect rice (Omura and Yan 1999 ) . Although OsEV is not a conventional virus, it seems to be suitable for studying the defense system against parasites because of its high transmission rate to progeny. These features make it potentially valuable for understanding the relationship between the host RNA silencing system and the propagation of this unique dsRNA virus as well as how a host plant controls a symbiotic parasite.
Here we characterize the host RNA silencing system against OsEV. The copy number and inheritance of OsEV were examined in transgenic rice plants with an inverted repeat (IR) knock-down (KD) construct of genes for likely RNA silencing machinery, RDRs or DCLs. A low transmission rate of OsEV to the next generation and disappearance of OsEV during cell division were observed in some OsDCL2 -KD plants, suggesting that the maintenance of OsEV is unstable in these plants. The involvement of OsDCL2 in OsEV propagation is discussed.
Results

Detection of small RNA derived from OsEV dsRNA (vsiRNA)
Plants viruses are strong inducers of post-transcriptional gene silencing (PTGS) (Voinnet 2005 ) . During virus infection, the accumulation of 21-24 nt small interfering RNA (siRNA) derived from virus RNA (vsiRNA) is observed in tissues locally and systemically, indicating the activation of PTGS Baulcombe 1999 , Szittya et al. 2002 ) . In order to determine whether the unique plasmid-like dsRNA virus (OsEV) is recognized by the host RNA silencing system, we examined vsiRNA derived from OsEV genomic dsRNA. Small amounts of OsEV-derived vsiRNA were detected in embryos, mature leaves, fl owers and cultured cells, but not in seedlings or juvenile leaves ( Fig. 1A ) .
OsEV genomic dsRNA was detected in every tissue, but its concentration varied by tissue ( Fig. 1B ) . Its concentration was low in seedlings but high in cultured cells. The accumulation of OsEV-derived vsiRNA roughly correlated with the concentration of genomic dsRNA, i.e. the concentration of both genomic dsRNA and vsiRNA from seedlings was low while that from cultured cells was high ( Fig. 1 ) .
These results indicate that OsEV genomic dsRNA is recognized and diced into vsiRNA by the host RNA silencing system. However, even though 10 times more total RNA was used for detection of OsEV-derived vsiRNA (see Materials and Methods), accumulation of vsiRNA ( Fig. 1A ) was about 200-fold less than that of siRNA derived from hairpin-loop OsDCL2 RNA that is transcribed from the OsDCL2 RNA interference (RNAi) construct ( Fig. 3A ) . The reason why only a small amount of OsEV-derived vsiRNA accumulated is unknown.
OsDCL2-KD T 1 plants lost OsEV
Because the RNA silencing machinery was thought to recognize and dice OsEV dsRNA into vsiRNA, we examined the relationship between the host RNA silencing system and the propagation of OsEV. RDRs and DCLs are main components of the RNA silencing machinery, and the rice genome encodes fi ve such genes (Kapoor et al. 2008 , Liu et al. 2009 (Liu et al. 2005 , Nagasaki et al. 2007 ). OsDCL1 and OsDCL4 are orthologs of AtDCL1 and AtDCL4, respectively (Kapoor et al. 2008 , Liu et al. 2009 ).
We examined OsEV genomic dsRNA of about 14,000 bp from these KD lines of the T 1 generation ( Fig. 2 and Table 1 ). The 14,000 bp dsRNA was detected from many T 1 plants. The concentration of this OsEV dsRNA was nearly constant in most OsEV-carrying KD ( Fig. 2 , 
Phenotype of OsDCL2-KD plants
Three independent OsDCL2 -KD lines were characterized. No mRNA for OsDCL2 was detected in two lines ( dcl2-2-1 and dcl2-3-1 ), but in the dcl2-1-2 line about half the WT amount of OsDCL2 mRNA was detected ( Fig. 3A ) . siRNA derived from OsDCL2 was clearly detected from the dcl2-2-1 and dcl2-3-1 lines but not from the dcl2-1-2 line ( Fig. 3A ). All three lines exhibited a dwarf phenotype with signifi cantly lower spikelet fertility ( Fig. 3B, C ) . The phenotype of dcl2-2-1 was most severe. These results indicated that the dcl2-2-1 and dcl2-3-1 lines were typical KD lines with little OsDCL2 expression, whereas the dcl2-1-2 line was not a typical KD line but still exhibited a mutant phenotype similar to the two typical KD lines. We concluded that all three lines had down-regulated expression of the OsDCL2 gene.
To determine whether these three OsDCL2 -KD plants might contain a minute amount of OsEV, Northern hybridization was carried out to detect OsEV dsRNA with high sensitivity. No OsEV dsRNA was detected from these three OsDCL2 -KD plants ( Fig. 3A ) . 
Maintenance of OsEV was unstable in some OsDCL2-KD F 1 plants
Because there was a possibility that the parental lines used for making transgenic plants did not carry OsEV, we examined whether gene silencing of OsDCL2 or OsRDR4 causes OsEV to disappear from a host plant. Because the transmission of OsEV to progeny via pollen or ova is > 98 % in WT rice plants (Moriyama et al. 1996 ) , reciprocal crossing between OsEV-carrying WT plants and OsEV-free OsDCL2 -or OsRDR4 -KD plants was carried out. OsEV dsRNA was detected from all 15 F 1 plants resulting from reciprocal crossing between OsEV-carrying WT plants and OsEV-free OsRDR4 -KD plants, suggesting that the OsRDR4 gene KD does not affect the maintenance of OsEV in the F 1 generation. However, many OsEV-free F 1 plants resulting from reciprocal crossing between OsEV-carrying WT plants and OsEV-free OsDCL2 -KD plants were found, and a reduced copy number of OsEV dsRNA was also found in many of these F 1 plants ( Fig. 4 ,  Table 2 ). Therefore, the transmission rate of OsEV from WT plants to the OsDCL2 -KD F 1 plants was low (83.6 % , 122 dsRNA carriers/146 total F 1 plants; Table 2 ). These results suggest that the OsDCL2 gene KD negatively affects the transmission of OsEV to the F 1 generation.
The presence of the IR construct in F 1 plants was determined by PCR, and only F 1 plants containing the IR construct are listed in Table 2 . However, because the release of RNAi, i.e. conditions under which a plant contains an IR construct but expresses the target gene normally, has often been reported, the level of OsDCL2 gene KD in F 1 plants was examined. mRNA and siRNA generated from the OsDCL2 gene and the OsDCL2 -IR construct in some F 1 plants between the dcl2-2-1 line and the WT were analyzed. As shown in Fig. 5 , OsDCL2 mRNA was reduced and its siRNA was clearly detected in six out of eight F 1 plants (lanes 4 and 7-11 in Fig. 5 ), whereas OsDCL2 was expressed normally and its siRNA was not detected in two F 1 plants (lanes 5 and 6 in Fig. 5 ). Consequently, six out of eight F 1 plants exhibited RNAi (KD for OsDCL2 expression), but two of them did not. OsEV was detected in three out of six OsDCL2 -KD F 1 plants (lanes 4, 9 and 10) but not in the other three (lanes 7, 8 and 11). Therefore, not all OsDCL2 -KD F 1 plants lost OsEV. However, loss of OsEV was observed in some F 1 plants from all three OsDCL2 -KD lines ( dcl2-1 , 2-2 and 2-3 ) used as parents for crossing experiments ( Table 2 ) . These results thus suggest that the OsDCL2 gene KD negatively affects the maintenance of OsEV. However, OsDCL2 gene KD was not completely consistent with the loss of OsEV dsRNA.
We examined OsEV dsRNA, but not OsDCL2 siRNA, from all 146 F 1 plants ( Table 2 ). The total number of true KD plants for OsDCL2 must be <146 because of the release of RNAi. Therefore, the transmission rate of OsEV from WT plants to OsDCL2 -KD F 1 plants must have been <83.6 % ( Table 2 ) ; indeed, half of the six OsDCL2 -KD F 1 plants lost OsEV ( Fig. 5 ) . In one of two F 1 plants with release of RNAi (line 10), the concentration of OsEV dsRNA was lower than that of the OsEV-carrying parent plant due to an unknown mechanism ( Fig. 5 , lane 6 ).
OsEV disappeared from some OsDCL2 KD plants in the course of cell division
A reduced amount of OsEV dsRNA was found in many F 1 plants ( Fig. 4 and Table 2 ). We had never previously found WT rice plants carrying a low concentration of OsEV. Two possibilities may explain this result, one being that every cell had a low concentration of OsEV, and the other that one plant had two kinds of cells, namely OsEV-carrying and OsEV-free cells. The concentration of OsEV dsRNA in leaves from different tillers of a single F 1 plant was determined ( Fig. 6 and Table 3 ). In two F 1 lines ( dcl2-1-2-1 and dcl2-1-2-3 ), some tillers contained the normal concentration of OsEV dsRNA but the others did not ( Fig. 6 ) . Therefore, some OsDCL2 -KD F 1 plants were chimeras of OsEV-carrying and OsEV-free cells. We were unable to distinguish between these two kinds of tillers based on appearance. These results suggest that an OsEV-free cell spontaneously appeared among OsEV-carrying cells and proliferated during development of the host plant. Once a host cell loses OsEV, 
Subtotal 35 13 14 WT dsRNA ( ) Total nucleic acids were extracted from leaves of parent plants and F 1 plants resulting from reciprocal crossing, which are indicated by line numbers, and then purifi ed by chromatography on CF-11 cellulose. OsEV genomic dsRNA of about 14,000 bp (arrowhead) was electrophoresed in an agarose gel and detected by staining with EtBr. The relative concentration of the dsRNA is indicated as C, normal copy number (constant); R, reduced copy number; and N, not detected. Lane M, DNA size markers. cells in its lineage are probably not able to reacquire it, because it is unlikely that OsEV spreads from one cell to the surrounding cells as conventional viruses do.
Moreover, in some F 1 plants ( Fig. 4A , lanes 3 , 5, 12 and 15) the dsRNA was detected from leaves of juvenile plants but not from leaves of the same adult plants ( Fig. 4A shows dsRNA isolated from adult leaves). Taken together with the results shown in Tables 2 and 3 and Figs. 4 and 6 , OsEV tends to disappear from some OsDCL2 -KD plants in the course of mitotic cell divisions. These results suggest again that the maintenance of OsEV is unstable in OsDCL2 -KD plants.
The transmission of OsEV from F 1 plants to F 2 plants was examined. Because two F 1 plants, dcl2-1-2-1 and dcl2-1-2-3 , consisted of both dsRNA-carrying and dsRNA-free tillers ( Table 3 and Fig. 6 ), we examined OsEV dsRNA from leaves of two F 2 groups that originated from different tillers of one F 1 plant ( Table 4 ). Thus, the transmission of OsEV from one F 1 plant ( dcl2-1-2-1 ) to its F 2 plants was close to 0 % (1/39), but from another F 1 plant ( dcl2-1-2-3 ) to its F 2 plants was almost 100 % (20/21, 
Increased accumulation of OsEV vsiRNA in OsDCL2-KD plants
Judging from the accumulation of OsDCL2 mRNA and siRNA shown in Fig. 7 , OsDCL2 was knocked-down in eight F 1 plants (lanes 3, 4 and 7-12) while two F 1 plants were released from RNAi (lanes 5 and 6). The concentrations of OsEV-derived vsiRNA (arrow in Fig. 7 ) in all eight OsDCL2 -KD plants (lanes 3, 4 and 7-12) were increased in comparison with those in two F 1 plants with normal OsDCL2 expression (lanes 5 and 6) or a OsEV-carrying WT plant (lane 1). This result suggests that the down-regulation of OsDCL2 led to production of more vsiRNA from OsEV dsRNA. Because an antagonistic function of DCL2 against other DCLs has been described in A. thaliana (Bouché et al. 2006 ) , OsDCL2 KD might activate other DCLs to produce more viRNA. In Fig. 7 , however, the concentration of OsEV dsRNA in F 1 plants with increasing OsEV vsiRNA (lanes 3, 4 and 7-12) was not different from that in F 1 plants with normal OsEV vsiRNA accumulation (lanes 5 and 6) or in the WT (lane 1). Indeed, the concentration of OsEV vsiRNA in lane 7 was higher, but the concentration of OsEV genomic dsRNA was also relatively high in the same plant ( Fig. 7 ) . Therefore, OsDCL2 KD may have 
a The number of OsEV-dsRNA-containing or -free F 2 plants is indicated. Relative concentration of dsRNA is indicated as C, normal copy number (constant); R, reduced copy number; and N, not detected. b Detection of dsRNA was attempted from two F 2 groups that originated from two tillers of a single F 1 plant ( dcl2-1-2-1 , tiller Nos. 5 and 8) or ( dcl2-1-2-3 , tiller Nos. 1 and 3). c OsEV-carrying plant, OsEV ( + ); OsEV-free plant, OsEV (−).
plants between an OsDCL2 -KD plant ( dcl2-2-1 ) and an OsEV-carrying WT plant (lanes 3-12), then analyzed by agarose (OsEV dsRNA and OsDCL2 mRNA) or polyacrylamide (OsEV vsiRNA and OsDCL2 siRNA) gel electrophoresis. The accumulation of OsDCL2 mRNA, OsDCL2 siRNA and OsEV-derived vsiRNA (arrow) was measured by Northern hybridization. OsActin1 (hybridization signal) and rRNA (EtBr staining) were loading controls for OsDCL2 mRNA and small RNAs (siRNA and vsiRNA), respectively. OsEV genomic dsRNA isolated from the same samples was measured by EtBr staining. Line names of F 1 plants indicated by numbers (arrowhead) correspond to the line names of F 1 plants in Fig. 4C and D .
induced an increased accumulation of OsEV vsiRNA, but this accumulation did not directly reduce the copy number of OsEV dsRNA.
Discussion
Our knowledge about the RNA silencing system against parasites composed of nucleic acids, such as viruses and transposons, mainly comes from studies of A. thaliana and its parasites.
Here we have reported the relationship between the host RNA silencing system and OsEV, the plasmid-like dsRNA virus in rice. It has been reported that 21-24 nt vsiRNA generated from viral RNAs accumulates in plant tissues during virus infection Baulcombe 1999 , Szittya et al. 2002 ) . OsEVderived vsiRNA was detected from OsEV-carrying rice plants, but its accumulation was very low in comparison with that of siRNA derived from hairpin-loop RNA (compare Fig. 1A with Fig. 3A ). Furthermore, there may be fewer OsEV vsiRNAs than vsiRNAs derived from ssRNA viruses that have been reportedly detected in tobacco ( Nicotiana benthamiana ) or Arabidopsis plants infected by ssRNA viruses, such as potato virus X and cucumber mosaic virus Baulcombe 1999 , Bouché et al. 2006 ) . Infections by conventional ssRNA plant viruses induce PTGS, and the secondary structures and replication intermediates of their genomic RNA are targets for the host RNA silencing machinery (Voinnet 2005 , Ding and Voinnet 2007 ) . Most of these viruses have suppressor proteins against the host RNA silencing system (Kasschau and Carrington 1998 , Voinnet et al. 2000 ) . These viral proteins fi ght against the RNA silencing defense system during infection in order to allow the virus to overcome the defense system, replicate rapidly and propagate systemically. In contrast, endornaviruses including OsEV have a highly symbiotic relationship with their host cells, which includes stringent copy number regulation and effi cient vertical transmission. Therefore, endornaviruses probably have a strategy to evade the host RNA silencing system and allow their propagation different from that of conventional viruses. If an endornavirus has an RNA silencing suppressor, it may be a unique one.
We could not detect any KD plants with an increase in dsRNA copy number. If the copy number of OsEV had increased while making transgenic KD plants, these plants would have grown abnormally or exhibited disease symptoms due to unregulated virus propagation. Therefore, we might not have been able to obtain these transgenic plants. A copy number reduced to <100 per cell may cause OsEV to disappear from a host cell, as shown in Figs. 4 and 6 . Therefore, about 100 copies of OsEV in every cell may be an optimal copy number that has been selected evolutionarily through the long course of symbiotic interaction between the host and parasite.
In the reciprocal crossing between OsEV-carrying WT plants and OsEV-free OsDCL2 -KD plants ( Fig. 4 and Table 2 ), because the pollen or ova of OsEV-carrying WT plants were normal, the loss of OsEV from F 1 plants is likely to have taken place during the cell divisions occurring from fertilized egg to somatic cells of adult leaves, which we used to analyze OsEV dsRNA. The reduced copy number of OsEV that was observed in some F 1 plants is consistent with this assumption. The mechanism for coordinated maintenance of OsEV replication with every host cell division may have been disturbed by OsDCL2 KD.
We did not detect OsEV dsRNA in OsDCL2 -KD T 1 plants or in some OsDCL2 -KD F 1 plants between OsEV-carrying WT and OsEV-free OsDCL2 -KD plant lines. Furthermore, some OsD-CL2 -KD F 1 plants that consisted of OsEV-carrying and OsEVfree cells were found. These results suggested that the maintenance of OsEV is unstable in OsDCL2 -KD plants. Therefore, OsDCL2 may be involved in the propagation or inheritance of OsEV. A similar phenomenon, that Red clover necrotic mosaic virus requires DCL1 to propagate in A. thaliana , has been reported (Takeda et al. 2005 ) .
In some OsDCL2 -KD plants, however, OsEV was detected at a normal concentration. OsDCL2 KD was not completely consistent with the loss of OsEV, suggesting that the involvement of OsDCL2 in OsEV propagation is not direct. OsDCL2 may regulate an unknown host factor that is involved in the propagation of OsEV. However, we have no evidence for this host factor yet.
In A. thaliana , DCL2 is reported to function antagonistically against the other DCLs ( Bouché et al. 2006 ) . Similarly, if OsDCL2 functions antagonistically against the other OsDCLs in rice, the down-regulated OsDCL2 might activate other DCL activities that may inhibit OsEV propagation. This hypothesis is supported by the greater accumulation of OsEV-derived vsiRNA in OsDCL2 -KD F 1 plants than in normal plants ( Fig. 7 ) . However, the amount of OsEV dsRNA in F 1 plants with increasing OsEVderived vsiRNA was similar to that in F 1 plants with a normal vsiRNA accumulation or in the WT. Because the accumulation of vsiRNA in WT plants was very low, i.e. about 200-fold less than that of siRNA derived from hairpin-loop RNA ( Figs. 1A ,  3A ) , the increase in OsEV-derived vsiRNA due to OsDCL2 KD might not be suffi cient to affect the propagation of OsEV directly. However, this increase may cause OsEV instability during cell division.
Materials and Methods
Plant materials
Rice plants ( O. sativa cv. Nipponbare) were grown in a greenhouse at 28 ° C. Transgenic rice plants containing IR constructs for each of the fi ve RDR genes ( OsRDR1-PsRDR5 ), OsDCL2 or OsDCL3a were made as described previously (Miki et al. 2005 ) . The presence of the IR construct in T 1 , F 1 or F 2 plants was examined by PCR. Nucleotide sequences of these PCR primers are listed in Supplementary Table S1 . Crossing experiments were performed as described previously (Moriyama et al. 1996 ) .
Analysis of long dsRNAs
For small-scale preparation of long dsRNA ( Figs. 1 , 2 , 5-7 ), 50-70 mg FW of rice leaves was pulverized in a mortar after freezing them in liquid nitrogen; the ground material was then suspended in 2 × STE buffer (1 × STE, 10 mM Tris-HCl, 0.1 M NaCl and 1 mM EDTA, pH 7.0). Total nucleic acids were extracted by the SDS-phenol method and treated with RNase-free DNase I (TAKARA BIO INC.) to digest DNA (Moriyama et al. 1996 ) . dsRNA was electrophoresed in a 0.8 % (w/v) agarose gel containing TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.1) and 500 ng ml −1 ethidium bromide (EtBr).
For large-scale preparation of long dsRNAs ( Figs. 3 , 4 ) , total nucleic acids extracted from 1.5 g FW of rice leaves were purifi ed by chromatography on CF-11 cellulose (Whatman) as described by Morris and Dodds ( 1979 ) . The dsRNA fractions were further purifi ed with RNase-free DNase I. Samples derived from 200 mg FW of leaves were electrophoresed in agarose gels.
A cDNA clone synthesized from dsRNA of japonica rice cv. Nipponbare ( O. sativa ) was used as a probe for Northern hybridization. Northern hybridization to detect OsEV dsRNA was performed as described previously (Moriyama et al. 1999b ).
Analysis of small RNA
Total RNA was isolated from rice seedlings, leaves, embryos or cultured cells using the Trizol reagent (Invitrogen) according to the manufacturer's protocol. RNA was then separated in 17 % denaturing polyacrylamide gels containing 2 × MOPS buffer [1 × MOPS buffer, 20 mM MOPS (pH 7.0), 5 mM sodium acetate, 1 mM EDTA] and 7 M urea, and blotted onto a Zeta-Probe nylon membrane (Bio-Rad) by electroblotting (constant current 15 mA, 1 h). About 40 or 4 µg of total RNA, respectively, was electrophoresed for detection of small RNA derived from OsEV dsRNA or OsDCL2 hairpin-loop RNA. RNA was cross-linked to a Zeta-Probe nylon membrane using a solution of 0.16 M l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (Sigma) in 0.13 M 1-methylimidazole (pH 8) at 60 ° C for 1 h (Pall et al. 2007 ) . A DNA fragment of OsDCL2 (Os03g38740) as a probe was amplifi ed by PCR, and then cloned. PCR primers are listed in Supplementary Table S1 . Probes for detection of small RNA were made using the BcaBEST Labeling Kit (TAKARA BIO INC.) with [ α -32 P]dCTP and purifi ed on a MicroSpin G-25 column (GE Healthcare). Hybridization was carried out in PerfectHyb Plus hybridization buffer (Sigma) containing 32 P-labeled DNA probe at 50 ° C for 16 h. Membranes were washed four times in 2 × SSC (1 × SSC, 0.15 M NaCl, 15 mM sodium citrate) with 0.5 % SDS at 50 ° C for 1 h, and then analyzed by a BAS 1500 imaging analyzer (Fujifi lm).
Analysis of mRNAs
Total RNA isolated as above was fractionated in a 1.2 % agarose gel containing 1 × MOPS buffer, 0.66 M formaldehyde and 500 ng ml −1 EtBr, then transferred to a Zeta-Probe nylon membrane by capillary transfer with 20 × SSC. A DNA fragment of OsActin1 (Os05g0438800) was amplifi ed by PCR, and then cloned. PCR primers are listed in Supplementary Table S1 . Hybridization was carried out as previously described (Miyazaki et al. 1999 ) .
Supplementary data
Supplementary data are available at PCP online. 
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